Cough and wheezing are the predominant symptoms of acute bronchitis. Hitherto, the evaluation of respiratory symptoms was limited to subjective methods such as questionnaires. The main objective of this study was to objectively determine the time course of cough and wheezing in children with acute bronchitis.
Introduction
Infections of the bronchial system occur frequently, particularly in children and adolescents [1, 10] . More than one-third of children with acute bronchitis are presented to a general practitioner or primary care pediatrician, bearing a great clinical and health economical relevance. Symptoms of airway infections sometimes persist for more than 10 days and cough often lasts up to 3 weeks [30] . In children, acute bronchitis usually is triggered by viral infection. Symptoms include cough, wheezing, fever, headache, and a general feeling of sickness [16] . Cough is a very frequent symptom associated with respiratory tract infection, and it might deeply affect the quality of life of both children and parents [22, 25] .
Acute bronchitis is an inflammation of the lower airways, most frequently due to viral infection, leading to enhanced mucus production and coughing [16] . In many cases, acute bronchial obstruction is part of the clinical picture, causing an expiratory wheezing which can be recognized by bare ear or auscultation by physical examination. Important criteria for the classification as "mere bronchitis" are absence of (i) evidence of pneumonia and (ii) chronic, recurrent symptoms. Due to this nature, "acute bronchitis" is hence primarily a clinical diagnosis with a strong emphasis on the present history and the physical examination. Within the framework of evidence-based medicine, health authorities increasingly demand proof of effectiveness of cough-related therapy, and there is still an on-going debate in the scientific community how to objectively assess the putative clinical benefit of antitussive treatments in children [7, 27] . Assessment of respiratory symptoms like cough and wheezing so far is mostly subjective and based on qualitative description of the symptoms by the patient or a parent. Manual counting of cough and wheezing over a number of hours, however, is not feasible for a large number of patients. Consequently, there is a necessity for objective assessment technologies like automated cough and wheezing monitoring [21] . In addition to clinical use, there is a certain need for objective assessment of symptoms in the context of bronchitis therapy, e.g., to evaluate antitussive treatments. Cough monitoring systems are increasingly being used as primary endpoints in clinical trials. They are in general ambulatory devices that consist of wired microphones and recording device which can be attached to the patient's body. However, these systems so far have not been used in children to monitor nocturnal cough and wheezing objectively. Accordingly, data on their suitability for long-term monitoring of respiratory symptoms in children are missing.
In the present study, automated detection and analysis of adventitious lung sounds has been carried out with the LEOSound Lung Sound Monitor to answer two main questions:
1) Is the method suitable to describe the time course of cough and wheezing in acute bronchitis? 2) Is the method suitable for repeated long-term recording of lung sound in young children in terms of acceptance and compliance?
Additionally, impact of cough on parent's quality of life has been estimated by using the validated PAC-QoL questionnaire.
Methods
The presented study was designed as a multicenter study, involving the University Hospital Giessen and Marburg, University Hospital Regensburg, and the Alpenklinik Santa Maria in Oberjoch.
Study design
We established a 10-day study protocol in which repeated nocturnal lung sound recordings were performed. Study participants were recruited from children with acute bronchitis who had been admitted to the inpatient pediatric pulmonary departments of the respective study centers. Decision on admission was completely independent of the study.
Inclusion criteria were as follows: diagnosis of acute bronchitis, age between 2 and 8 years or a body weight of more than 10 kg (according to intended use; predefined condition for application by the manufacturer of the Lung Sound-Recorder), and a Bronchitis Severity Score (BSS) of five points or more. Children with chronic respiratory diseases or with onset of symptoms more than 72 h ago were excluded from the study. There were no restrictions to medication.
After recruitment, which also included an anamnesis and an introduction to the recording devices and the questionnaires, the first lung sound recording started on the evening of day one. At that time, all patients were still in hospital. The same procedure was repeated on days 5 and 9 of the study in an inpatient or outpatient (in case of patient was discharged) setting. In case of subsequent ambulatory patients, the second and third measurements were performed at home assisted by on site study staff. On the morning after lung sound recording, parents were asked to answer the cough log and the validated Parent-proxy Children's Acute Cough-specific Quality of Life Questionnaire (PAC-QoL) for the three respective nights. BSS was taken on site by a member of the study staff. The procedures of the study are chronologically shown in Table 1 .
Lung sound recording and analysis
LEOSound Lung-Sound-Monitor (Löwenstein Medical GmbH & Co. KG, Bad Ems, Germany) is a mobile device validated for automatic long-term recording and analysis of normal and adventitious respiratory sounds like cough and wheezing in adults and children. The system automatically detects cough and wheezing up to 24 h and can be used either in the hospital or at the patient's home. Sound is recorded with three bio-acoustical sensors placed at the trachea and the back of the patients (Fig. 1) . In addition, an ambient microphone is integrated in the LEOSound device. Thus, it is possible to differentiate lung sounds from speech and other ambient sounds. The devices were programmed in advance for every patient. The related software contains automated algorithms for cough and wheezing detection. The cough detection algorithm achieves a sensitivity and specificity of 93% and 99% respectively. Both sensitivity and specificity of wheezing detection algorithm are above 95% [12] .
Nocturnal lung sound recordings lasted 10 h and started at 08:00 p.m. of each recording day. All recordings were manually validated to ensure the results did not contain any false positive results and the algorithm missed no cough event.
Manual evaluation also contained a classification of all cough events in productive and non-productive cough. Studies have shown the ability of healthcare professionals to distinguish between productive and non-productive cough with a good accuracy by listening to the characteristic cough sound [28] . All cough events were then assigned to cough epochs, which were classified as productive if they contained at least one productive cough event. According to the European Respiratory Society, cough epochs are defined as at least two consecutive cough events with a maximum distance of 2 s between them [21] . To analyze the course of cough during the night, cough epochs were combined to 10-min windows.
Nocturnal wheezing was evaluated by calculating the wheezing rate and then assigning these wheezing events to wheezing phases. We defined wheezing phases as a minimum of 4 min with a wheezing rate above 2% and a gap without wheezing not longer than 1 min. In addition, results were validated by medical experts.
Questionnaires and scores
We used the Bronchitis Severity Score (BSS) to assess the clinical severity of obstructive bronchitis in a standardized fashion [15, 20] . Physicians had to score five bronchitis symptoms: mucus production, cough, chest pain, crackles, and dyspnoea. The scores were rated on a 5-point scale from not present (0 points) to very severe (5 points). A BSS of 5 points or more was defined as moderate bronchitis. BSS was determined on day 1, day 6, and day 10 of the study.
To address the impact of cough on the patient's quality of life we used the Parent-proxy Children's Acute Coughspecific Quality of Life Questionnaire (PAC-QoL). This validated questionnaire was completed by the parents and contains 16 questions from three different domains. The questions address physical well-being, social well-being, and psychological well-being and have to be answered on a 7-point scale [2] .
To evaluate the subjectively perceived characteristics of child's cough, parents filled out a cough log after every measuring day. The parameters cough frequency, cough characteristics, influence of coughing on sleep of the child, and influence of coughing on sleep of the guardians on a scale of 0-3 (0 = no expression/influence/frequency, 3 = strong expression/influence/frequency) were documented. 
Statistics
Statistical analysis was performed by using R version 3.4.0. For descriptive statistics, mean and standard deviation were calculated for the respective parameters.
To compare the different recording nights, we used Friedman's test, which is the non-parametric equivalent to the analysis of variance for repeated measures. Correlation was assessed by using Pearson correlation. Results with a p value ≤ 0.05 were considered as significant.
Results

Patient recruitment
We included 44 children, comprising eight dropouts. Main reasons for dropout were refusal of the measurement device by the child (six) and a worsening of the health status (two). Hence, data of 36 patients were analyzed in detail. Chest x-ray were done in 13 patients; 19 patients were girls. Mean age of our population was 4.3 ± SD 1.84 years with a mean BMI of 15.6 ± 1.22 kg/m 2 . Anthropometric data are listed in Table 2 . First symptoms occurred about 40 h (39.9 ± 19.5) before inclusion. Mean BSS taken at the inclusion was 7.5 ± 3.0 points with a moderate to severe cough attribute score of 2.4 ± 0.8 points. Only nine out of 36 patients received no treatment. All other patients received different medication, which is shown in Table 3 .
Cough and wheezing
A total of 2.248 cough epochs were detected in all patients throughout the three recording nights. Most of these epochs (1.299 epochs) occurred during the first night, while nights 5 and 9 had similar and significantly less (p = 0.00024) number of cough epochs with 490 and 459 epochs respectively (Table 4) .
In particular, productive cough decreased during the course of the study. Non-productive cough slightly increased from 350 in the second night of recording to 427 during the last night of recording (Fig. 2) . Most coughing occurred during the first 3.5 h of each respective night. Wheezing was found in 29 out of 36 patients and was present during the whole night. Wheezing intensity increased during the night and had its peak in the early morning hours. Total amount of wheezing decreased throughout the study (Fig. 3) .
Questionnaires and scores
The cough log score significantly decreased during the study, while the patient's quality of life significantly increased. Table 5 shows the descriptive values of the parent questionnaires. This table also includes a comparison between day 1 and day 6/day 10. Bronchitis Severity Score assessed by physician decreased significantly. A detailed analysis of the cough related questions of the BSS showed a significant decrease for both cough and mucus (Table 6 ).
Comparison of subjective and objective assessments
All three subjectively assessed parameters (BSS, Cough log, and PaC-QoL) were found to be significantly correlated with objectively assessed cough parameters. Cough log score was found to be significantly correlated with the amount of non-productive cough epochs (r = 0.61, p < 0.001), as well as with the total amount of cough epochs (r = 0.61, p < 0.001). Wheezing was significantly correlated with BSS total score (r = 0.29, p = 0.003, see Table 7 ). Questionnaire scores showed significant correlation with BSS assessed by physician (Tables 7 and 8 ). The individual course of cough epochs and BSS during the study is illustrated in Fig. 4 . 
Discussion
Main objectives of our study were to delineate time course of cough and wheezing in children with acute bronchitis and to validate the feasibility of automated, long-term cough-and wheezing monitoring in children. During the last years, some efforts have been made to establish automated or semi-automated cough monitoring systems, which can objectively record cough events [5, 6, 11, 26] . The clinical experience of using cough monitors to date is that they are practical and valid [29] . Primary application of all hitherto available cough monitors lies in the context of clinical trials [4] . Compared to other commercially available cough recording devices, LEOSound has the advantage that it can as well detect and analyze wheezing. Due to this long-term recording, time course of cough and wheezing can be evaluated objectively. The LEOSound monitor was studied in chronic obstructive pulmonary disease [9, 18] , in cystic fibrosis and primary ciliary dyskinesia [24] in adults with asthma [17] and in patients with obstructive sleep apnea [31] , respectively. Reliable information about the expected course of respiratory tract infection in children is important for parents and clinicians. One of the most common questions that parents ask when consulting healthcare providers is "How long will the symptoms of acute bronchitis last?" In a systematic review by Thompson et al. (2013) , expected durations of the most common respiratory symptoms in childhood respiratory tract infection are reported, including earache, sore throat, and cough. In randomized controlled trials, recovery of children with common cold ranged from 2 to 21 days. In observational studies, recovery lasted 2 to 3 weeks; mean [14, 19, 23 ]. An additional study (Gruber et al. 2008 ) reported respiratory symptoms lasting 1.8 weeks (SD 1.3) in children aged 7 years or younger [13] . Automatic detection and classification of cough and wheezing is useful to assist physicians in diagnosing and monitoring respiratory diseases such as asthma and COPD [9, 18] . To the best of our knowledge, this is the first study in which cough and wheezing were recorded longitudinally in children with acute bronchitis. One primary study aim was to validate the feasibility of the LEOSound device to record and describe children's bronchitis symptoms (cough and wheezing) in the course of acute bronchitis. Description of the general course of symptoms of bronchitis was a secondary aim. We could demonstrate continuous decrease of wheezing and cough within the first 9 days of bronchitis. From a clinical standpoint, this confirms findings of others, i.e., that cough can last 9 days (or more) in children with respiratory infection. Inclusion in our study was independent of prior therapy. Only nine out of 36 children did not have any medication. Thus, in terms of treatment, the participants in our study represent a heterogeneous group, and the measured time course of cough and wheezing may not apply uniformly, and may not be representative for untreated bronchitis. Future (better Future?) studies would require either an untreated or uniformly treated patient population for more generalizable study results. Nevertheless, this study could show that automated long-term lung sound monitoring is suitable and valid for description of symptoms in the course of acute bronchitis in children.
When listening to the lungs of a child with acute bronchitis, one can hear coughing and wheezing, depending on the severity of the mucous congestion and narrowing of the airways. Wheezes are high-pitched continuous adventitious sounds caused by airway narrowing which then cause airflow limitation. As shown in Fig. 3 , cough was predominantly found at the beginning of the night. The time course of cough and wheezing frequency displayed opposite trends during each recording night. A possible explanation for this pattern could be that reduced coughing leads to an accumulation of secretion in the bronchi which consecutively contributes to airway narrowing and hereafter enhances wheezing. Within the three recording nights, cough frequency reduced to 35.3% of the magnitude measured at the beginning of the study. In the first night, 1299 cough epochs were recorded, in the second night (day 5) 490 and in the third night (day 9) 459. We could show that productive cough decreases during the course of the study, while non-productive cough slightly increased during the last night of recording. Discrimination of cough in productive and non-productive events or epochs can help to validate if and how a certain medication acts. Hence, determination of type of cough could be a possible outcome parameter in clinical trials to prove effectiveness of treatments, e.g., secretolytic medication. The correlation between BSSScore and PAC-QoL/Cough log-score showed that assessments of health status by parents and doctors are largely consistent. Therefore, severity of cough has a direct impact on quality of life. It has to be mentioned that in contrast to cough, nocturnal wheezing has not been considered in the validated questionnaires. Since wheezing sounds are quiet and can hardly been heard without auscultation devices, these sounds cannot be documented or scored by parents. Hence, assessment and evaluation of wheezing events require objective approaches. Lung sound analysis has shown to be the most appropriate method to objectively record these events [3, 8] .
Long-term recording of lung sounds is a helpful instrument to analyze time course of respiratory symptoms in patients with bronchitis. End points for future clinical trials could be cough frequency, number and duration of cough epochs, characterization of cough into productive and non-productive and duration of wheezing. In the future, lung sound analysis could be an auxiliary method for gaining valid and comparable data regarding frequency of respiratory symptoms in acute bronchitis, especially for evaluation of clinical effectiveness of commonly used protussive and antitussive cough remedies. Author's contributions Ulrich Koehler designed the concept of the study and the article. He critically evaluated the manuscript. He approved the final manuscript as submitted. Olaf Hildebrandt designed the concept of the study and administrated the study. He critically evaluated the manuscript. He approved the final manuscript as submitted.
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